Background: Some individuals, called Supernormals (SN), maintain excellent memory in old age. While brain structural and functional integrity in SN seem to be aging-resistant, their amyloidosis and neural injury status has not been well studied. Objective: The goal of this study was to compare cortical amyloid deposition and glucose metabolism between SN and older adults with normal cognition (NC), amnestic mild cognitive impairment (MCI), and Alzheimer's disease (AD). Methods: Subjects from the ADNI database were included if they received T1-weighted MRI, amyloid PET, FDG-PET, and cognitive testing within a 6-month period, yielding 27 AD, 69 MCI, 172 NC, and 122 SN. PET standardized uptake value ratios (SUVrs) were calculated for the whole cortex and 68 regions of interest, with whole cerebellum serving as reference. Results: SN had lower whole cortex amyloid than MCI, and higher glucose metabolism than all others. Regional analysis revealed that amyloid burden and glucose metabolism in the right isthmus cingulate cortex differed in SN compared to others, while SN glucose metabolism also differed from others in several frontal and temporal regions. Conclusion: Preserved cortical glucose metabolism, and lower levels of amyloidosis and glucose hypometabolism in the right isthmus cingulate cortex, contributes to the Supernormal phenomenon. These findings may be informative for development of early screening biomarkers and therapeutic targets for modification of cognitive trajectories.
INTRODUCTION
Descriptions of cognitive aging often assume deterioration of cognitive performance. However, some older adults maintain excellent memory capacity in advanced old age [1] , with superior memory compared to age-and sex-matched counterparts [2, 3] or relative to normal middle-aged [4, 5] or younger adults [6, 7] . These older adults are considered "Superagers" or "Supernormals," with Superagers normally defined as those with comparable cognitive capacity to younger adults and Supernormals as those with superior cognitive capacity to older adults of similar age and education. In addition to superior memory, these Supernormal subjects also exhibit a lower frequency of the apolipoprotein E (ApoE) 4 allele [8] and lower levels of oxidative stress [3] .
Recent longitudinal studies [9] , including ours [10] , suggest that brain structural and functional integrity in Supernormals seem to be aging-resistant. In particular, the cingulate cortex appears to play a critical role in the preservation of excellent memory in Supernormals [2, 8, 11] . Compared to their normal counterparts, Supernormals tend to have preserved cortical thickness in the anterior midcingulate cortex [6] .
Cerebral amyloidosis and neural injuries, two main cognitive aging-related pathophysiological factors, are known to occur earlier than brain structural or functional deficits [12] . However, relatively few studies have investigated whether Supernormals display resistance to these pathophysiological changes in their aging process. Dekhtyar et al. demonstrated no difference in whole-cortex amyloid burden via positron emission tomography (PET) between "typical" and "optimal" memory performers [9] . Similarly, Harrison et al. found no difference in amyloid burden between successful agers and typical older adults, despite changes in cortical thickness [7] . Gefen et al. showed a lower frequency of Alzheimer-type neurofibrillary tangles in Superagers than their agematched counterparts [11] . However, no study has directly compared both cerebral amyloidosis and neural injuries in Supernormals.
Here, we compared amyloid and fluorodeoxyglucose (FDG) PET between Supernormals and other typical or symptomatic aging groups [average agers, amnestic mild cognitive impairment (MCI), Alzheimer's disease (AD)]. Amyloid PET was used as an indicator of amyloidosis, while FDG-PET, reflecting synaptic dysfunction, served as a neural injury maker. We hypothesized that Supernormals would display comparable amyloid burden to typical agers, while showing differences in glucose metabolism. Based on our prior studies [2] , we expected these effects to be particularly pronounced in the cingulate cortex.
MATERIALS AND METHODS

Data source
Data used in the preparation of this article were obtained from the Alzheimer's Disease Neuroimaging Initiative (ADNI) database (http://adni.loni.usc.edu). The ADNI was launched in 2003 as a public-private partnership, led by Principal Investigator Michael W. Weiner, MD. The primary goal of ADNI has been to test whether serial magnetic resonance imaging (MRI), PET, other biological markers, and clinical and neuropsychological assessment can be combined to measure the progression of MCI and early AD. For up-to-date information, see http://www.adni-info.org.
Participants and cognitive assessments
All data were acquired from the ADNIGO and ADNI2 datasets. Both AD and MCI subjects had Wechsler Memory Scale Logical Memory II scores ≤8 for those with 16+ years of education, ≤4 for 8-5 years of education, and ≤2 for less than 7 years of education. AD subjects had a Mini-Mental State Exam (MMSE) score of 20-26 and Clinical Dementia Rating (CDR) of 0.5 or 1. MCI subjects had a MMSE score of 26-30 and CDR of 0.5. Average agers/normal controls (NC) and supernormal (SN) subjects were identified as those free of MCI, any types of dementia, and major psychiatric disorders, as well as having a MMSE score 24-30, CDR of 0, and Wechsler Memory Scale Logical Memory II scores >8 for those with 16+ years of education, >4 for 8-15 years of education, and >2 for less than 7 years of education. SN subjects were separated from NC based on a latent class approach, which identified those who displayed constantly high, stable episodic memory and executive function over a 5year period compared to age-and education-matched controls, as described previously [1] . These SN subjects had baseline episodic memory (ADNI-MEM) and executive function (ADNI-EF) mean z-scores of 1.51 and 1.05, respectively, compared to 1.0 ± 0.5 and 0.7 ± 0.67 for cognitively normal subjects in the ADNI sample [13, 14] . These are approximately 1 standard deviation above the overall normal population mean, indicating that this SN group is at or above 84% of the population, assuming cognitive scores are normally distributed. Furthermore, the mean slope of cognitive trajectories for SN subjects was positive over a 5-year period, whereas cognitively normal subjects had a negative slope. To ensure comparability with our previous fMRI study [10] , we used the same sample pool (354 SN+NC subjects, 98 MCI+AD subjects). Subjects were required to have T1-weighted MR imaging, amyloid PET imaging, FDG-PET imaging, and cognitive testing within a 6-month period . The final  sample included 27 AD, 69 MCI, 172 NC, and 122 SN  individuals. Memory performance was scored using the ADNI-MEM composite, which consists of the Rey Auditory Verbal Learning Test, Alzheimer's Disease Assessment Scale-Cognition subscale, Mini-Mental State Examination, and Logical Memory test [13] . Executive function was scored using the ADNI-EF composite, which includes WAIS-R Digit Symbol Substitution, Digit Span Backwards, Trails A and B, Category Fluency, and Clock Drawing [14] . The Montreal Cognitive Assessment (MOCA) score was used to assess global cognition [15] . Whereas the SN group was defined based on cognitive trajectories, the MEM, EF, and MOCA scores analyzed in the current study were from a single time point that fell within 6 months of the desired T1-weighted MR, amyloid PET, and FDG-PET imaging.
Imaging and image analysis
All subjects received structural T1-weighted MR imaging using a 3.0 T scanner, with a magnetizationprepared rapid gradient-echo (MPRAGE) sequence. PET imaging was performed with 2 tracers: AV45 ( 18 F florbetapir, Amyvid, Eli Lilly and Company, Indianapolis, IN) for amyloid and 2-deoxy-2-[fluorine-18]-D-glucose ( 18 F FDG) for FDG-PET. Pre-processed T1 images were acquired from the ADNI database, including gradient warping, scaling, B1 correction, and N3 inhomogeneity correction. PET images were downloaded in their fully preprocessed form (Coreg, Avg, Standardized Image and Voxel Size) for both tracers. T1 images were segmented using FreeSurfer 5.3.0 (http://surfer.nmr.mgh.harvard.edu). Following automated segmentation, results were examined by eye for topological defects, with manual correction performed whenever necessary. Cortical thickness measurements were extracted from these corrected Freesurfer results. Thickness was analyzed rather than volume, as this has been shown to be less sensitive to confounding factors such as sex and head size [16] . T1 images were then registered to the MNI152 template at an isotropic resolution of 3 mm (MNI152 T1 2 mm downsampled to 3 mm) using FMRIB's Linear Image Registration Tool with 12 degrees of freedom (FLIRT, FSL 5.0.10, http://fsl.fmrib.ox.ac.uk). For each subject, this transformation was then applied to segmented images in order to translate ROIs to template space.
Amyloid PET images were co-registered to these T1 images in MNI152 space, using FLIRT. FDG-PET images were registered to a PET template in MNI space [17] at an isotropic resolution of 3 mm using FLIRT. All analyses were performed in MNI template space, in order to allow for direct visualization of mean values across subjects. The standardized uptake value ratio (SUVr) was calculated for each PET voxel, with the reference region set to the whole cerebellum. SUVrs were extracted from all 68 cortical ROIs identified by Freesurfer (Desikan-Killiany atlas [18] ) in MNI space, and averaged to produce a cortical summary SUVr, due to reports of non-specific binding of AV45 in the white matter [19] . Mean SUVrs were also calculated for the 68 ROIs extracted by FreeSurfer in MNI space. PET results were not corrected for partial volume effects, in order to replicate the analysis described by the ADNI PET Core [20, 21] .
In addition to the continuous SUVr values for amyloid and FDG-PET, we further examined the subsample of SN and NC (n = 292) for amyloid and neural injury positivity, as these binarized biomarkers have recently been identified as potential diagnostic criteria for AD [22] . We defined amyloid positive (A+) and negative (A-) subjects based on a cutoff point of 1.11 in amyloid cortical summary SUVr [23] , corresponding to the confidence limit for the upper 5% of young healthy controls [24] . Neural injury positive (N+) and negative (N-) subjects were defined based on a cutoff point of 1.21 in AD-signature FDG-PET SUVr, which was initially chosen to separate control and AD subjects in the ADNI database [25] . Both of these sets of summary SUVr values were generated by the ADNI PET Core, as described online [20, 21] . We extracted these values from publicly available results, and applied the above thresholds to separate subjects into 4 groups (A+N+, A+N-, A-N+, A-N-).
Statistical analysis
ANOVA, chi-square test, or ANCOVA (when controlling for covariates) were used to examine group differences in demographic characteristics, PET values, cortical thicknesses, and cognitive scores, with post hoc testing performed comparing SN with other groups. False discovery rate (FDR) correction was applied. All statistical analyses were performed in SPSS (IBM Corp, Armonk, NY) and MATLAB (The MathWorks, Inc, Natick, MA).
RESULTS
Sample characteristics
Subject characteristics across groups are presented in Table 1 . The SN group was significantly older than the MCI group, and was more educated and had fewer APOE4+ carriers than the AD group. The SN group had significantly higher ADNI-MEM, ADNI-EF, and MOCA scores compared to all other groups, and significantly higher whole brain cortical thickness than AD and MCI groups. For the overall ADNI sample, cognitively normal individuals have mean ADNI-MEM of 1.0 ± 0.5 and ADNI-EF of 0.7 ± 0.67 [13, 14] . In contrast, the SN group has a mean ADNI-MEM of 1.46 ± 0.49 and ADNI-EF of 1.22 ± 0.68. Both of these are approximately 1 standard deviation above the overall normal population mean, indicating that this SN group is at or above 84% of the population. On the other hand, the NC group has ADNI-MEM and ADNI-EF scores of 0.92 ± 0.54 and 0.50 ± 0.64, respectively. Further, in order to ensure that our NC and SN subjects were representative of the overall ADNI sample in terms of memory performance and executive function, we grouped NC+SN together and compared to all cognitively normal subjects in ADNI. Neither ADNI-MEM nor ADNI-EF were significantly different from cognitively normal subjects in the overall ADNI sample (ADNI-MEM: Mean diff. (MD) = -0.05, std. error (SE) = 0.04, t = 1.20, p = 0.23; ADNI-EF: MD = 0.08, SE = 0.06, t = 1.38, p = 0.17).
Amyloid PET imaging
Group differences in amyloid SUVr for the whole cortex are given in Table 1 , and are displayed in Fig. 1a . The four groups significantly differed in whole cortex amyloid SUVr. Controlling for age, sex, APOE4, education, and whole brain cortical thickness, the group difference remained (F = 14.10, df1 = 3, df2 = 394, p < 0.001). The SN group had significantly lower amyloid SUVr than the MCI (MD = -0.08, SE = 0.03, t = 2.96, df = 187, p = 0.003) and AD (MD = -0.24, SE = 0.04, t = 6.21, df = 147, p < 0.0001) groups. In order to reduce the potential effects of noise at low SUVr values on these results, we additionally performed this analysis while excluding cases with SUVr less than 1. Similar results were observed for both the SN versus MCI (MD = -0.09, SE = 0.03, p = 0.003) and SN versus AD comparisons (MD = -0.22, SE = 0.04, p < 0.0001).
Regional differences in PET signal were compared in 68 cortical ROIs using ANOVA, controlling for age, sex, APOE4, education, and cortical thickness within the corresponding ROI. For all regions in which there were significant group differences, amyloid SUVrs were contrasted against SN values. After FDR correction was applied across the results of these contrast tests, the right isthmus cingulate cortex was found to have significantly lower AV45 uptake in SN subjects compared to NC (MD = -0.05, SE = 0.02, t = 2.34, df = 295, p = 0.020), MCI (MD = -0.09, SE = 0.03, t = 2.72, df = 184, p = 0.007), and AD (MD = -0.22, SE = 0.05, t = 4.60, df = 145, p < 0.0001), as shown in Fig. 1b . As above, exclusion of SUVr values less than 1 gave similar results for all comparisons (NC: MD = -0.05, SE = 0.02, p = 0.049; MCI: MD = -0.09, SE = 0.03, p = 0.005; AD: MD = -0.22, SE = 0.05, p < 0.0001).
FDG-PET imaging
Whole cortex results are presented in Table 1 and Fig. 2a . FDG uptake in the SN group was significantly different from all other groups. Controlling for age, sex, APOE4, education, and whole brain cortical thickness, the group difference remained (F = 31.19, df1 = 3, df2 = 405, p < 0.001). The SN group had significantly higher SUVr than the NC (MD = 0.03, SE = 0.01, t = -2.06, df = 315, p = 0.040), MCI (MD = 0.06, SE = 0.02, t = -3.59, df = 191, p < 0.0001) and AD (MD = 0.25, SE = 0.03, t = -9.45, df = 151, p < 0.0001) groups after controlling for these factors.
The procedure described above for comparison of ROI differences was also applied to FDG-PET. After FDR correction, a number of ROIs were shown to have significant differences between SN and other groups, as highlighted in Fig. 2c and Table 2 for the NC to SN comparison. In particular, the right isthmus cingulate cortex also showed significance in the case of FDG-PET between SN and NC (MD = 0.04, SE = 0.02, t = -1.97, df = 315, p = 0.043), MCI (MD = 0.09, SE = 0.03, t = -3.39, df = 183, p = 0.001), and AD (MD = 0.24, SE = 0.04, t = -6.22, df = 148, p < 0.0001), as shown in Fig. 2b .
Synthesizing amyloid and FDG-PET
In order to investigate the possible influence of amyloidosis on hypometabolism, and vice versa, the above analyses were repeated while controlling for uptake of the opposite radiotracer. When Note. # All post-hoc analyses were based on comparison of SN with each of the other groups, FDR correction applied. † MEM and EF comparisons were controlled for the number of times subjects had previously performed MEM/EF testing, in order to correct for practice effects. * p < 0.05; * * p < 0.01; * * * p < 0.001. SE = 0.04, t = 5.36, df = 147, p < 0.0001) groups. FDG was not a significant predictor of whole cortex amyloid (B = -0.033, SE = 0.075, t = -0.44, df = 394, p = 0.66). This was also true for the right isthmus cingulate cortex, where SN subjects again showed significantly lower AV45 uptake compared to NC (MD = -0.05, SE = 0.02, t = 2.25, df = 295, p = 0.025), when controlling for FDG uptake in the right isthmus cingulate. FDG was also not a significant predictor of amyloid in this case (B = 0.068, SE = 0.067, t = 1.02, df = 394, p = 0.31). When controlling for amyloid uptake in the FDG analyses, whole cortex differences remained (F = 26.88, df1 = 3, df2 = 405, p < 0.001), with the SN group still displaying significantly higher SUVr than the NC (MD = 0.03, SE = 0.01, t = -1.99, df = 315, p = 0.047), MCI (MD = 0.06, SE = 0.02, t = -3.37, df = 191, p = 0.001) and AD (MD = 0.24, SE = 0.03, t = -8.83, df = 151, p < 0.0001) groups. As above, whole cortex amyloid was not a significant predictor of FDG (B = -0.031, SE = 0.032, t = -0.96, p = 0.34). At the regional level, correction for amyloid still resulted in a significant difference between SN and NC subjects in the right isthmus cingulate (MD = 0.03, SE = 0.02, t = -1.86, df = 315, p = 0.048), with amyloid again not a significant predictor (B = 0.002, SE = 0.049, t = 0.036, p = 0.97). However, some regions shown in Table 2 did not maintain significant differences between SN and NC subjects after applying this correction, as described in the footnote to the table.
Secondary analysis: SN versus NC in the context of AD-associated pathophysiology
To further understand whether differing levels of FDG uptake explained cognitive differences between SN and NC despite similar amyloid deposition, we examined the relationship between amyloid, FDG, and cognitive function within the subsample of SN and NC. SN subjects had 4 A+N+, 28 A+N-, 8 A-N+, and 81 A-N-, while NC had 15 A+N+, 47 A+N-, 16 A-N+, and 93 A-N-. More participants in the SN group were A-N-(n = 81, 66.9%) compared to the NC group (n = 81, 54.4%, p = 0.039), while the two groups were similar in other pathophysiology categories (χ 2 = 7.61, df = 3, p = 0.055).
Next, we examined the main and interaction terms between group and FDG on MEM and EF when considering the effect of amyloid (y MEM/EF = β 0 + β 1 age + β 2 gender + β 3 MOCA + β 4 cortical thickness + β 5 group + β 6 AV 45 + β 7 FDG + β 8 FDG × group). Here, AV45 and FDG represent whole-cortex SUVr. There was a significant interaction effect between group and FDG on ADNI-MEM (B = 1.05, SE = 0.51, Wald's χ 2 = 4.18, df = 1, p = 0.041) but not ADNI-EF after controlling for AV45 and other factors. There was no interaction effect between group and AV45 on MEM or EF after controlling for FDG and other factors. As shown in Fig. 3 , this is indicative of a relationship between adjusted MEM score and whole cortex FDG for NC, but not for SN.
DISCUSSION
We previously identified a group of Supernormal subjects, based on high, sustained episodic memory and executive function [1, 10] . By examining their cognitive aging-associated pathophysiology, we found that: 1) whole cortex FDG-PET significantly distinguished SN from both typical and symptomatic agers. Whole cortex amyloid PET only distinguished SN from symptomatic agers (MCI and AD), but not typical agers; 2) for regional analyses, FDG-PET showed significant group differences in several prefrontal and inferior/middle temporal regions, while the right isthmus cingulate cortex was the only region across the 68 ROIS examined whose amyloid and FDG levels significantly distinguished SN from other groups; 3) when controlling for FDG uptake, all global and regional amyloid differences remained. Fig. 3 . Relationship between whole-cortex FDG-PET SUVr and adjusted ADNI-MEM score, for normal controls (NC) and Supernormals (SN). MEM score has been adjusted for age, sex, diagnostic group, mean cortical thickness, MOCA, and whole cortex amyloid SUVr. Solid lines are linear fits to data. When FDG regional analyses were controlled for amyloid, the right isthmus cingulate still showed significant differences between SN and NC, though several previously identified regions did not. Further, amyloid level was not predictive of FDG, and vice versa, either globally or regionally; 4) despite similar levels of whole cortex amyloid deposition between SN and NC, individuals within the SN group had a higher probability of being both amyloid and neural injury negative than those in the NC group. When controlling for amyloid deposition, higher FDG level was related to higher memory performance in NC, while the SN group maintained high-level memory performance regardless of the level of FDG.
We examined main and interaction effects for amyloidosis and neural injury between SN and typical and symptomatic agers. Despite significant differences compared to MCI and AD, the lack of difference in global amyloid deposition between SN and NC corresponds with previous results [7, 9] , where whole-cortex amyloid burden was similar between optimal or successful agers and typical memory performers. In the study by Dekhtyar et al., it should be noted that optimal memory performers that maintained memory over three years displayed lower levels of amyloid burden compared to those optimal memory performers that did not [9] . On the other hand, global FDG-PET was different between SN and all other groups. As part of the normal aging process, global reductions in metabolism have been observed, with hypometabolism particularly evident in medial frontal and frontal opercular areas [26] .
Furthermore, the presence of both hypometabolism and amyloidosis accelerates AD conversion [27, 28] . While amyloid burden is typically correlated with reduced memory performance in normal individuals [29] , amyloid burden was comparable between SN and NC. Separation in cognitive function between the two groups may therefore be primarily explained by differences in glucose metabolism. This finding is consistent with previous results showing the increased relevance of neurodegeneration for cognitive function compared to amyloidosis [16] .
The next major finding is the critical role of the right isthmus cingulate cortex, whose amyloid burden and glucose metabolism level helped distinguish SN from other groups. Much of the neuroimaging literature related to memory deterioration in typical or symptomatic aging has focused on medial temporal/hippocampal and prefrontal disruptions [30, 31] . However, in the context of the Supernormal phenomenon, the cingulate cortex plays a unique role, with Supernormals displaying higher cortical thickness in the anterior [8, 11] and midcingulate cortex [6] . We have previously shown differences in the functional connectivity of multiple regions of the cingulate cortex, even in the presence of amyloid [2] . Combined with results showing reduced tau accumulation in the mid-and anterior cingulate cortex in Superagers [11] , this points to the importance of the entire cingulate cortex as a potential "signature" region for superior performance in older adults. Different portions of this region may play different roles in the preservation of cognitive function, with amyloid deposition typically occurring early in the disease process in the posterior cingulate [32] and aging-related neurodegeneration becoming evident in anterior regions [33] . Thus, the observed maintenance of cortical thickness in the anterior and midcingulate and lower levels of amyloid/hypometabolism in the posterior cingulate for Supernormals/Superagers may represent two simultaneous mechanisms by which these individuals resist aging-related decline. Further studies are required to determine the causal relationship between these pathophysiological and structural changes, as this may either indicate increased neural reserve or compensation in this population [34] . An understanding of the mechanisms of cognitive reserve in relation to the Supernormal phenomenon could play an important role in the description of their neural profile.
In particular, the isthmus of the cingulate gyrus forms a connection between the posterior cingulate cortex and the hippocampus, and is known to be part of the default mode network (DMN) [35, 36] , which is the primary network affected in both normal aging and AD [37, 38] . The involvement of amyloid plaque was observed in this disruption of the DMN, especially the connection between the posterior cingulate cortex and the hippocampus, even in those without dementia [39] . FDG-PET studies have shown changes in the DMN in AD subjects [40] , particularly in the posterior cingulate and precuneus. This was further verified by Liguori et al., who demonstrated glucose hypometabolism in DMN regions, including the cingulate [41] . Furthermore, these changes in metabolism were shown to correlate with altered functional connectivity [42] , indicating an association between PET and fMRI measures of DMN aberration in AD-related aging. These studies point to the importance of the DMN, particularly posterior regions of the cingulate cortex, in maintenance of superior memory performance in advanced old age. The results of this study further reinforce this, as both amyloid and FDG-PET showed significant differences between normal and Supernormal subjects in the isthmus cingulate cortex.
Several studies have also demonstrated the synergistic effects of amyloid and tau pathology on hypometabolism, particularly within the cingulate cortex. Using amyloid, tau, and FDG-PET imaging, Hanseeuw et al. showed that global amyloid burden and inferior temporal tau predicted FDG metabolism in the posterior cingulate cortex [43] . Furthermore, Pascoal et al. found that only the interaction between amyloid and tau measures was a significant predictor of metabolic decline in multiple regions, including the posterior cingulate cortex [44] . Unfortunately, only a small number of the identified Supernormal subjects in the ADNI database have received tau PET imaging. While this sample size was insufficient for analysis in the current study, examination of the important role of tau pathology in the Supernormal phenomenon will be an important step in future studies.
The ultimate goal of research on AD-related aging is the translation of findings to disease-modifying therapy. Recently, the use of biomarkers has emerged as a potential outcome metric for clinical trials [45, 46] . While many drug trials have focused on advanced-stage patients [47] [48] [49] , another area of focus has been on cognitive training for older adults that may be at risk for disease progression [50, 51] . This is particularly relevant in the context of normal versus Supernormal older adults, as we have previously demonstrated inducible neuroplasticity of the cingulate cortex [52] , which has been shown to play an important role in successful aging. It remains to be seen whether these non-pharmacological trials can affect AD-related pathophysiology at a level evident via imaging biomarkers.
We acknowledge a number of limitations on the general applicability of the results demonstrated here. The first of these is selection bias in the ADNI sample that may skew the population studied. Second, the cross-sectional nature of the study precluded identification of whether the Supernormal phenomenon is determined by reserved cerebral metabolism. Third, the ROI analysis is vulnerable to some subjectivity in the correction of topological defects in the FreeSurfer segmentation, as this was performed manually. This may affect interpretation of the results related to the isthmus cingulate, as this is a relatively small region. Additionally, PET results were not corrected for partial volume effects, in order to replicate prior, well-characterized analyses and allow for inclusion of previously-defined thresholds for biomarker positivity. Investigation of the effects of partial volume correction merits future investigation. Although additional analyses performed excluding amyloid images with SUVr <1 did not modify the overall results, PET analysis may also be vulnerable to the effects of noise. This points to the need for development of more sensitive measures of amyloid deposition. Finally, the definitions of Supernormal, Superager, and successful ager are not standardized. This could cause results to change depending on which definition is applied to the subject population, and represents an ongoing area of discussion in the field. Here we have used a latent class approach for defining the SN group relative to an age-and education-matched group of cognitively healthy individuals, which may be challenging to apply in other subject cohorts. Based on the cognitive characteristics of SN in our studies [1, 2, 10] , we suggest defining SN based on episodic memory greater than 1.5 standard deviations above the age-and education-matched population norm with longitudinal stability, while other cognitive domains (e.g., executive function) should be similar to or better than population norms with longitudinal stability.
In summary, we have demonstrated that global changes in glucose metabolism can distinguish Supernormals from both typical and symptomatic agers, while amyloid deposition only separates Supernormals from symptomatic agers. Both amyloid and glucose metabolism were different in SN from all others in the right isthmus cingulate cortex. This reinforces the critical involvement of altered neural injury in successful cognitive aging, and the importance of the integrity of the default mode network in maintenance of memory performance in old age. These findings may be particularly informative for development of early screening biomarkers and therapeutic targets for modification of cognitive trajectories in the face of cognitive aging-associated pathophysiology.
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